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Abstract
Lecithin retinol acyltransferase (LRAT) is a 230 amino acids membrane-associated protein which catalyzes the esterification of all-trans-retinol
into all-trans-retinyl ester. The enzymatic activity of a truncated form of LRAT (tLRAT) which contains the residues required for catalysis but
which is lacking N- and C-terminal hydrophobic segments has been shown to depend on the detergent used for its solubilization. Moreover, it is
unknown whether tLRAT can bind membranes in the absence of these hydrophobic segments. The present study has allowed to measure the
membrane binding and hydrolytic action of tLRAT in lipid monolayers by use of polarization modulation infrared reflection absorption
spectroscopy and Brewster angle microscopy. Moreover, the proportion of the secondary structure components of tLRAT was determined in three
different detergents by infrared absorption spectroscopy, vibrational circular dichroism and electronic circular dichroism which allowed to explain
its detergent dependent activity. In addition, the secondary structure of tLRAT in the absence of detergent was very similar to that in Triton X-100
thus suggesting that, compared to the other detergents assayed, the secondary structure of this protein is very little perturbed by this detergent.
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structure1. Introduction
Lecithin retinol acyltransferase (LRAT) has been shown to
be expressed in several tissues including testis, liver, intestine
and the retina [1]. It is likely involved in the mobilization andAbbreviations: LRAT, Lecithin retinol acyltransferase; VCD, vibrational
circular dichroism; ECD, electronic circular dichroism; tLRAT, recombinant
truncated form of LRAT; RPE, retinal pigment epithelium; OG, n-octyl-β-D-
glucopyranoside; SDS, sodium dodecyl sulfate; BSA, bovine serum albumin;
DMPC, 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine; cmc, critical micellar
concentration; PM-IRRAS, polarization modulation infrared reflection absorp-
tion spectroscopy; PC/FA, Principal Component method of Factor Analysis;
PLS, Partial Least-Square Analysis; S.D., standard deviation
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doi:10.1016/j.bbamem.2008.01.014storage of vitamin A [2]. It catalyzes hydrolysis of the sn-1 acyl
chain of phospholipids and transfers this acyl group to all-trans
retinol [3–6] to generate all-trans retinyl esters. In the retinal
pigment epithelium (RPE), these retinyl esters are then further
metabolized to produce the chromophore of rhodopsin, 11-cis
retinal [7]. LRAT is thus an important protein of the visual cycle
[8].
The nucleotide sequence of LRAT indicates an open reading
frame of 690 bp encoding a 230 amino acid protein with a
calculated mass of 25.3 kDa [9]. The primary sequence of LRAT
is novel [9] and does not show any homology to enzymes that
catalyze similar reactions, such as lecithin cholesterol acyl-
transferase [10,11]. The analysis of the amino acid sequence of
LRAT suggests the existence of N- and C-terminal hydrophobic
segments at positions 9–31 and 195–222 [9], respectively, that
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only the C-terminal transmembrane domain has been recently
shown to be essential for membrane targeting [12]. It has been
reported that the transmembrane domains in the N- and C-
terminal regions of the full-length LRAT prevent its purification
when expressed in HEK cells [9] as well as in bacteria [13]. A
recombinant truncated form of LRAT (tLRAT) (amino acids 31–
196) has thus been produced where these hydrophobic segments
have been removed [13]. The three essential residues (C161,
Y154, and H60) for the activity of LRATare all conserved in the
LRAT family of enzymes [14]. These amino acids are located
within the sequence of tLRATwhich was thus shown to be fully
active [13]. This tLRAT activity is dependent on the detergent
used for its solubilization [13]. The amino acids of the active site
of tLRAT must interact with membranes to hydrolyze phos-
pholipids. However, information on the membrane binding of
tLRAT in the absence of its hydrophobic segments and the effect
of detergents on its secondary structure are lacking.
Polarization modulation infrared reflection absorption spec-
troscopy (PM-IRRAS) overcomes the water absorption limita-
tion using rapid polarization modulation of the incident beam
which allows the observation of infrared absorption bands of
phospholipids and proteins in monolayers at the air–water in-
terface [15]. Furthermore, it is possible to extract information
from the infrared spectra on the kinetics of hydrolysis of mo-
nolayers by enzymes using PM-IRRAS [16–18] or IRRAS
[19,20]. Brewster angle miscoscopy (BAM) allows to observe
the morphology of lipid and lipid–protein monolayers [21,22].
In the present paper, PM-IRRAS has been used to monitor
membrane binding and hydrolysis of phospholipid monolayers
by tLRAT whereas BAM was used to gain information on the
morphology of the resulting protein–lipid monolayer.
Electronic (ECD) and vibrational (VCD) circular dichroism in
addition to infrared (IR) absorption spectroscopy allow to probe
the secondary structure of proteins for which no structural
information is available. It has been shown that ECD is very
accurate forα-helix predictions, IR is better forβ-sheet estimation
and VCD allows a good determination of the different secondary
structure components; the latter spectroscopic technique is also
very sensitive to random coil structures [23]. Multiple conforma-
tions of β-turns make the theoretical calculations very difficult
using ECD which can thus lead to a wrong estimation of the
relative content in α-helices and β-sheets. VCD measures the
rotational strengths of vibrational transitions [24] and is sensitive
to short-range order, thus allowing to discriminateβ-sheets and all
types of helices aswell as disordered structures [25]. In the present
paper, the effect of detergent on the secondary structure of tLRAT
has been determined by infrared absorption spectroscopy, VCD
and ECD.
2. Materials and methods
2.1. Materials
The expression vector pET11a and the Escherichia coli BL21(DE3)pLysS
cells were fromNovagen (Madison,WI,USA). TheGenElute™PlasmidMiniprep
Kit, Globulin free bovine serum albumin (BSA), EGTA and 1,2-Dimyristoyl-sn-
Glycero-3-Phosphocholine (DMPC) were from Sigma (St Louis, MO, USA).Amicon 15 concentrators were from Millipore (Beverly, MA, USA). Tris and
imidazole were from Laboratoire MAT (Quebec, Canada). EDTA was from Life
Technologies (Grand Island, NY, USA). Aprotinin was from Roche Diagnostics
(Indianapolis, IN, USA). n-octyl-β-D-glucopyranoside was either from Fluka
(Sigma-Aldrich, St Louis,MO,USA), RocheDiagnostics (Indianapolis, IN,USA),
or A.G. Scientific (SanDiego, CA,USA). TritonX-100was from ICN (Irvine, CA,
USA). Sodium chloride was from Ultrapure Bioreagent (Phillipsburg, NJ, USA).
IPTG and Sodium dodecylsulfate (SDS) were from Invitrogen (Carlsbad, CA,
USA). The anti-LRATantibodywas a generous gift fromDr.DeanBok (University
of California in Los Angeles, CA, USA). The secondary antibody, anti-rabbit IgG
(Goat) peroxidase conjugated was from Calbiochem (San Diego, CA, USA). Re-
vertAid H minus First Strand cDNA Synthesis Kit was from Fermentas (Bur-
lington, ON, Canada). Econo-Pac® 10DG columns was from Bio-Rad (Hercules,
CA, USA). PhastGel Blue R for Coomassie staining and His-Trap columns were
from Amersham Pharmacia (Piscataway, NJ, USA).
2.2. Preparation of LRAT/pET expression vector
The protocol used to clone a truncated form of the human LRAT gene in the
vector pET11a was modified from [13]. For the generation of tLRAT, the
following set of oligonucleotide primers was used: forward, TGCCATATGGG-
CAAGGACAAAGGGAGGAACAGT and reverse, AGGCTCAGCTTAGT-
GATGGTGATGATGATGGTGGTGGTGATGGCTACCACGAGGTACAAG-
GAGAACACTTCTCTGATCACGAATAAT. tLRATwas amplified by RT-PCR
by use of the RPE cDNA template. Briefly, RNA from freshly dissected RPE
was isolated by the Tri-reagent method (Sigma) and used for reverse tran-
scription reaction with the RevertAid H minus First Strand cDNA Synthesis Kit.
In order to insure unidirectional cloning, additional NdeI and Bpu1102 I re-
striction sites were attached to the 5′ end of each primer. A His-tag of 10
histidines and a trombin digestion site were also added to the C-terminus (using
the reverse primer) to facilitate tLRAT purification. The pET11a vector was then
linearized with NdeI and Bpu1102 I and subsequently ligated with the purified
PCR product. The generated truncated protein includes amino acids 31 to 196
and contains in total 182 amino acids after adding the His-tag as well as the
thrombin digestion site. Its calculated molecular mass is 20.91 kDa. After
transformation and production of the recombinant construct in E. coli DH5α,
plasmid DNA was extracted using GenElute™ Plasmid Miniprep Kit. The po-
sitive clones were evaluated by digesting the plasmid with Nde I and Bpu1102 I
followed by agarose gel electrophoresis (1.5%). “High flow” sequence analysis
using an ABI 3730xl was performed with each construct to confirm the pre-
sence, orientation, and correct nucleotide sequence of each DNA insert.
2.3. Expression of tLRAT in bacteria
Plasmid DNA was transformed into E. coli Bl21(DE3)pLysS and grown
overnight in the LB medium until saturation. Then, fresh LB containing 100 μg/
ml ampicillin was inoculated with the transformed culture and incubated at
37 °C under agitation (250 rpm) until A600 nm=0.6. tLRAT expression was then
induced with 0.5 mM IPTG followed by an incubation for 6 h at 30 °C. Cells
were pelleted by centrifugation at 3720 ×g for 20 min and stored at −20 °C.
2.4. Solubilization and purification of histidine-tagged tLRAT
Bacteria were first disrupted by 3 cycles of freeze–thawing in the lysis buffer
(Tris 100 mM, NaCl 100 mM, 1 mM EDTA, 1 mM EGTA, 1.4 μg/μl aprotinin,
pH 7.8). Cell suspension was then sonicated during 3 min (cycles of 5 s) on ice.
Bacteria were then centrifuged at 13,000 ×g during 30 min. Supernatant was
discarded and membranes were resuspended in the loading buffer (Tris 500 mM,
5 mM imidazole, 0.1% SDS, pH 7.8). The resuspended pellets were shaken
overnight at room temperature to homogenize the suspension which was then
centrifuged at 100,000 ×g for 20 min at 22 °C. The supernatant was then loaded
on a 5 ml His-Trap column after equilibration with 5 column volumes of loading
buffer. Column was washed with 10 to 20 column volumes of washing buffer
(Tris 500 mM, 40 mM imidazole, SDS 0.1%, pH 7.8). Elution was achieved
with the elution buffer (Tris 500 mM, 150 mM imidazole, SDS 0.1%, pH 7.8).
Alternatively, the SDS used in the washing and elution buffers was changed
to 0.1% n-octyl-β-D-glucopyranoside (OG), 0.1% CHAPSO or 0.1% Triton
1326 S. Bussières et al. / Biochimica et Biophysica Acta 1778 (2008) 1324–1334X-100. Fractions containing pure tLRAT were concentrated by centrifugation
at 3700 ×g at 20 °C using an Amicon 15 device. Concentrated tLRAT was
desalted using an Econo-Pac® 10DG column which had been equilibrated with
phosphate buffer 10 mM, NaCl 150 mM, pH 7.0 (or carbonate buffer 10 mM,
pH 9.2) in the absence or in the presence of either 0.1% SDS, 0.1% OG, 0.1%
CHAPSO or 0.1% Triton X-100.
2.5. Electrophoresis, western blot analysis and determination of the
concentration of purified tLRAT
After protein separation with 15% SDS-PAGE, proteins were transfered to a
nitrocellulose membrane using the transfer buffer (Tris 25 mM, glycine
192 mM). The membrane was blocked with 25 mg/ml globulin free BSA in
TBST (25 mM Tris, 0.15 M NaCl, pH 7.6, 0.05% Tween®-20) for 1 h at room
temperature. The primary antibody (anti-LRAT, 1:4000 dilution) was then added
to the membranes followed by the secondary antibody (anti-rabbit IgG (Goat)
peroxidase conjugated (1:8000 dilution)) and the Super Signal West Pico
Chemiluminescent Substrate. Because of the presence of detergent in the protein
samples, tLRAT concentration (C) was determined using the difference between
the absorbance of tLRAT at 280 nm (A280) and that at 260 nm (A260) using the
following relation: C=1.55A280−0.76A260 [26]. The protein concentrations
obtained were very consistent with those estimated when the intensity of the
bands of tLRAT on SDS-PAGE were compared to those obtained with known
amounts of albumin.
2.6. PM-IRRAS measurements of monolayer binding and hydrolysis by
tLRAT
The deionized water used for the preparation of the buffer solutions was
highly purified with a NANOpure purification apparatus (Barnstead). This water
had a resistivity of no less than 18.2 MΩ⁎cm and a surface tension of 72±
0.1 mN/m at room temperature. PM-IRRAS spectra were measured as pre-
viously described [27,28]. Briefly, PM-IRRAS combines Fourier transformmid-
IR reflection spectroscopy (FT-IR) with rapid polarization modulation of the
incident beam [15,29]. To remove the isotropic contributions from bulk water
and water vapor, experimental drifts and to get rid of the dependence on the
Bessel function, the spectrum of the phospholipid monolayer in the presence of
the adsorbed tLRAT is subtracted with that of the pure phospholipid monolayer
(in the absence of tLRAT) to produce the resulting normalized PM-IRRAS
spectrum. Each PM-IRRAS spectrum was the result of the co-addition of 600
scans at a resolution of 8 cm−1. Consequently, a typical PM-IRRAS spectrum
was obtained after approximately 9 min of acquisition. In these experiments, the
subphase used was a carbonate buffer 50 mM at the optimal pH of 9.2 for tLRAT
enzymatic activity [14]. Phospholipids were slowly spread at the surface of the
buffer until a surface pressure of 15 mN/m was reached. After an equilibration
period of 5 min, 50 μg of tLRAT were injected into the 20 ml subphase and
surface pressure was monitored during the measurement of the infrared spectra.
tLRAT is injected into the subphase with a S-like movement of the syringe
underneath the entire surface where the phospholipid was spread. By using this
procedure, a quick and homogeneous distribution of fluorescently labeled
proteins was previously observed. The 50 μg sample of tLRAT containing 0.1%
SDS was typically diluted by a factor of at least 1350 upon injection into the
subphase. The final concentration of SDS into the subphase was thus in the
range of 0.000074% (3.15×10−6 M). Although this amount of SDS is very
small, in control experiments, a very quick increase in surface pressure could be
observed upon injection of the same amount of SDS into the subphase of a
monolayer of pure DMPC at 15 mN/m followed by an immediate return to the
original surface pressure. The PM-IRRAS spectra of the DMPC monolayer at
15 mN/m before and after the injection of SDS into the subphase are almost
identical. It can thus be postulated that the effect of SDS on the DMPC mo-
nolayer is very small.
2.7. Brewster angle microscopy imaging of tLRAT binding onto
phospholipid monolayers
The monolayer surface was observed by Brewster angle microscopy (BAM)
before and at different time intervals after tLRAT injection underneath theDMPC monolayer in the same conditions as those described for the PM-IRRAS
measurements. Monolayers can be imaged by BAM at the Brewster angle of
incidence using a parallel p polarized laser beam. In the absence of a monolayer,
a zero reflectance is obtained. However, in the presence of a monolayer, a
change in reflectivity is measured as a result of a change in refractive index and/
or thickness of the film [30]. The Brewster angle microscope BAM2plus (NFT,
Göttingen, Germany) was equipped with a frequency doubled Nd: YAG laser
with a wavelength of 532 nm and a charge-coupled device (CCD) camera as well
as a 10X magnification lens. The exposure time, depending on the image
luminosity, was adjusted from 20 μs to 2 ms to avoid saturation of the camera.
The spatial lateral resolution of the Brewster angle microscope is 2 μm, and the
image size is 400×650 μm. The BAM images were coded in gray level.
2.8. Preparation of the samples of tLRAT for vibrational and
electronic circular dichroism as well as infrared spectroscopy
measurements
The buffer used to purify tLRAT with the His-Trap column was exchanged
for 10 mM phosphate buffer (pH 7.0) (or 10 mM carbonate buffer, pH 9.2).
tLRAT was then concentrated to 20 mg/ml using an Amicon 15 device and
lyophilized overnight. These samples were resuspended in a volume of D2O
such that a final concentration of tLRAT of 40 mg/ml was obtained. The final
concentration of detergent was: SDS 0.2% (cmc=0.17–0.23%), OG 0.2%
(cmc=0.67–0.73%), CHAPSO 0.2% (cmc=0.5%) or Triton X-100 0.2%
(cmc=0.016%). These samples have been used for the vibrational circular di-
chroism and infrared spectroscopy measurements. When tLRATwas purified in
the absence of detergent, the elution buffer was exchanged for 10 mM phosphate
buffer (pH 7). However, tLRAT could not be sufficiently concentrated in the
absence of detergent to measure infrared and vibrational circular dichroism
spectra as it readily precipitates during this procedure. Therefore, this sample
was suitable solely for the ECDmeasurements. The protein concentration for the
ECD measurements was lying between 0.4 and 1 mg/ml.
2.9. Infrared spectroscopy and vibrational circular dichroism of LRAT
The infrared and VCD spectra were recorded with a ThermoNicolet Nexus
670 FTIR spectrometer equipped with a VCD optical bench [31]. In this optical
bench, the light beam was focused on the sample by a BaF2 lens (191 mm focal
length), passing an optical filter (1850–800 cm−1), a BaF2 wire grid polarizer
(Specac), and a ZnSe photoelastic modulator (Hinds Instruments, Type II/ZS50).
The light was then focused by a ZnSe lens (38.1 mm focal length) onto a
1×1 mm2 HgCdTe detector (ThermoNicolet, MCTA⁎ E6032). Absorption and
VCD spectra were recorded at a resolution of 4 cm−1, by coadding 100 scans and
72 000 scans (24 h acquisition time), respectively. Samples were held in a CaF2
cell with a fixed path length of 45 μm (BioCell™, BioTools). Baseline
corrections of the VCD spectra were performed by subtracting the raw VCD
spectra of the D2O buffer. The photoelastic modulator was adjusted for a ma-
ximum efficiency at 1600 cm−1. Calculations were performed via the standard
ThermoNicolet software, using Happ and Genzel apodization, de-Haseth phase-
correction and a zero-filling factor of one. Calibration spectra were recorded
using a birefringent plate (CdSe) and a second BaF2 wire grid polarizer, fol-
lowing an experimental procedure previously described [32]. Finally, the D2O
buffer absorption was subtracted from the absorption spectra. For the sake of
comparison, the VCD spectra are scaled such that all samples have their amide I'
absorbance maximum equal to 1. The proportion of the different components of
the secondary structure of tLRAT has been estimated with a reference data set
of VCD and IR spectra of proteins of known structure using an approach
similar to that described by Pancoska et al. [33]. In brief, IR and VCD spectra of
20 different globular proteins (hemoglobin, myoglobin, albumin, glutathione S
transferase, phospholipase A2, cytochrome c, triosephosphate isomerase, lyso-
zyme, thermolysin, lactoferrin, papain, ovalbumin, ribonuclease A, ribonuclease
S, carbonic anhydrase, α-chymotrypsinogen, α-chymotrypsin, trypsin, elastase,
immunoglobulin) have been measured as described above. These proteins were
solubilized in D2O in the absence of detergent, such that a final concentration of
40 mg/ml was obtained. The secondary structure of these proteins has been
determined by the DSSP approach using their X-ray diffraction structure data.
The predicted structure of these proteins from their VCD spectra has been
Fig. 1. 15% SDS-PAGE of purified tLRAT in 0.1% OG. Lane 1, standards of
molecular weight (kDa); lane 2, purified tLRAT stained with blue coomassie;
lane 3, western blot with the anti-LRAT antibody.
Fig. 2. PM-IRRAS spectra in the 1000–1800 cm−1 region of a DMPCmonolayer
at an initial surface pressure of 15 mN/m (1) before and 2–11 min (2), 21–30min
(3), and 36–45 min (4) after tLRAT injection into the subphase. 50 μg of tLRAT
was injected into the subphase containing 25 mL of 50 mM carbonate buffer at
pH 9.2.
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Factor Analysis (PC/FA) (a statistical method similar to that published by
Pancoska et al. [33]) and 2) Partial Least-Square Analysis (PLS) (TQ Analyst
software version 6.2a, ThermoOptek). Results from these two methods are in
good agreement (to be published elsewhere). The secondary structure of tLRAT
in different detergents has been determined from their VCD and IR spectra with
this reference protein data set using the same two methods of statistical analysis
which were in good agreement such that only the results obtained using the PC/
FA method are presented. Spectra of tLRAT in each of the three different
detergents have been measured and the standard deviation was calculated from at
least 2 independent expressions and purifications.
2.10. Electronic circular dichroism of LRAT
Electronic circular dichroic (ECD) spectra were recorded on a Jasco Model
J-710 spectropolarimeter (Jasco, Easton, MD). The protein concentration has
been adjusted to avoid saturation of the detector (the signal was below 600 V
between 190 and 200 nm in all experiments except for 0.2% Triton X-100 where
the voltage was slightly higher than this value because of the high absorption of
this detergent in this region). The buffer contained 10 mM phosphate and either
no detergent, 0.1% SDS, 0.1% OG or 0.2% Triton X-100. For each spectrum, 10
scans were collected from 190 to 260 nm using a 0.1 mm pathlenght cuvette for
the samples containing detergent whereas a 0.2 mm cuvette was used when
tLRATwas purified in the absence of detergent (typically, air bubbles cannot be
removed in the 0.1 mm cuvette in the absence of detergent). Spectra of tLRAT in
the presence and in the absence of the three different detergents have been
measured and the standard deviation was calculated from at least 2 independent
expressions and purifications. Secondary structure evaluation has been made
using the online software CDSSTR (http://www.cryst.bbk.ac.uk/cdweb/html/
home.html) with the protein sets 4, 7 and 8. The software CDSSTR has been
selected because it combines the best features of many methods and it is known
to perform slightly better than SELCON and CONTIN [34].
3. Results
3.1. Preparation of highly purified tLRAT
Highly purified tLRAT could not be obtained when using an
elution buffer containing 500 mM NaCl, as described by Bok
et al. [13], because tLRAT eluted at low concentrations of imi-
dazole during the His-Trap chromatography. The use of 500 mM
Tris instead of 500 mM NaCl solved this problem. As can be
seen in Fig. 1 from the SDS-PAGE electrophoresis and western
blot analyses, highly purified tLRAT has been obtained using
this procedure. The western blot with the anti-LRAT antibodyshows one main band at the expected molecular weight and an
additional, much smaller band, at a higher molecular weight (see
Fig. 1). The identity of tLRAT in these two bands was further
confirmed by mass spectrometry. The higher molecular weight
band has been attributed to dimers of tLRAT (∼45 kDa) which is
consistent with previous observations of Jahng et al. [8].
3.2. Evidence for monolayer binding of tLRAT by PM-IRRAS
and Brewster angle microscopy and monolayer hydrolysis by
PM-IRRAS
tLRAT is known to catalyze the hydrolysis of the sn-1 fatty
acyl chain of phospholipids and its transfer to all-trans retinol.
PM-IRRAS experiments were thus performed to demonstrate
monolayer hydrolysis and binding by tLRAT. Fig. 2 shows the
PM-IRRAS spectra in the 1000–1800 cm−1 region before and
after the injection of tLRAT into the monolayer subphase of a
pure DMPC monolayer at 15 mN/m. DMPC has been chosen to
allow observation of monolayer hydrolysis by tLRAT. Indeed,
we have previously shown that the hydrolysis products resulting
from phospholipase A2 activity on a DMPC monolayer are
readily soluble into the monolayer subphase [35]. Given that the
same hydrolysis products are obtained from the tLRAT
enzymatic activity (myristic acid and lysomyristoyl phosphati-
dylcholine), one could expect to observe a decrease of the in-
tensity of the typical infrared bands of DMPC upon monolayer
hydrolysis. As can be seen in Fig. 2, the υCfO ester stretching
band and the υaPfO band of pure DMPC are located at 1735
and 1226 cm−1 (see spectrum 1), respectively, which is con-
sistent with previous reports [36]. The intensity of these two
bands decreases after the injection of tLRAT into the subphase.
Fig. 3. PM-IRRAS spectra in the 2800–3000 cm−1 region of a DMPC mono-
layer at an initial surface pressure of 15 mN/m before and after tLRAT injection
into the subphase. Subphase contains 50 mM carbonate buffer pH at 9.2. Other
conditions are the same as in Fig. 2.
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thus, the spectrum is integrated when hydrolysis takes place
after the injection of tLRAT underneath the DMPC monolayer.
Surface pressure has increased to a stable value of 20 mN/m
within this 9 min measuring period of the first spectrum because
of tLRAT adsorption. This first spectrum measured soon after
tLRAT injection into the subphase (spectrum 2, Fig. 2) shows a
significant decrease of the intensity of the CfO ester and PfO
bands. Longer adsorption times of tLRAT lead to a much larger
extent of monolayer hydrolysis as demonstrated by the further
decrease of the intensity of these DMPC infrared bands (spectra
3 and 4, Fig. 2). In parallel to monolayer hydrolysis, the binding
of tLRAT onto the DMPC monolayer can be directly observed
by the appearance of the amide I and II bands of tLRAT at 1655
and 1545 cm−1, respectively (spectra 2–4, Fig. 2). The position
and shape of the amide I band of tLRAT suggests that it contains
a significant amount of α-helices as previously observed for
other proteins [28,37]. In addition, it can be seen that the more
tLRAT is adsorbed, i.e. the larger is the intensity of the amide I
and II bands, the more hydrolyzed is the monolayer. The
hydrolysis of the DMPC monolayer is further confirmed by the
observation of the antisymmetric and symmetric CH2 stretching
bands of the pure DMPC monolayer which are located at 2923
and 2854 cm−1, respectively (spectrum 1, Fig. 3). The position
of these bands is consistent with previous observations for
DMPC [36]. In agreement with the observation of a decrease of
the intensity of the CfO ester and PfO bands (Fig. 2), a similar
decrease of the intensity of the CH2 stretching bands of DMPC
as a function of time and extent of tLRAT adsorption (Fig. 3)
can be observed which strongly suggests that DMPCmonolayer
hydrolysis takes place upon tLRAT adsorption.
Fig. 4 shows Brewster angle microscopy images of the
DMPC monolayer at 15 mN/m before and after the injection oftLRAT into the subphase. Fig. 4A shows the pure DMPC
monolayer. tLRAT was then injected into the subphase and the
surface pressure increased to 20 mN/m within 10 min such as in
the PM-IRRAS experiments. A lace-like structure (Fig. 4B) can
be observed within 5 min after the injection of tLRAT which
enventually covers the entire surface of the film (Fig. 4C) and
remains unchanged for 2 h. The film was then slowly com-
pressed. It could be seen on the basis of the film movement that
the lace-like structure is very rigid. Compression is continued
until a surface pressure of 38 mN/m is reached. A highly struc-
tured film bearing a flower like shape (Fig. 4D) can then be seen
which likely corresponds to protein–lipid multilayers, on the
basis of the intensity of the reflectance, that could be made of
two-dimensional protein crystals.
3.3. Effect of detergent on the infrared spectra of tLRAT and
estimation of the relative proportion of its secondary structure
components
Combined bath sonication at 37 °C and vortexing of lyo-
philized tLRAT purified in CHAPSO did not allow its
solubilization with D2O. The resulting protein suspension was
not suitable for IR and VCD analyses. Alternatively, purifica-
tion of tLRAT in CHAPSO using D2O was attempted but
protein precipitation was observed very quickly after the col-
lection of the fractions. In contrast, solubilization of lyophilized
tLRAT purified in SDS, OG or Triton X-100 could readily be
achieved at very high concentration (40 mg/ml) in D2O.
Transmission infrared spectroscopy measurements were per-
formed in solution in order to find out the effect of detergent on the
structure of tLRAT. The infrared absorption spectra of tLRATare
presented in Fig. 5. Different spectra are obtained with tLRAT in
0.2% SDS (spectrum 1), 0.2% OG (spectrum 2) and 0.2% Triton
X-100 (spectrum 3) with an amide I′ band centered at 1648, 1644
and 1642 cm−1, respectively. The smaller bandwidth of the amide
I′ band on the low frequency part of the infrared spectrum of
tLRAT in SDS, compared to OG and Triton X-100, together with
its position (1648 cm−1) indicates a higher content of α-helices
and a lower percentage of β-sheets in this detergent [38,39].
Measurements using tLRAT purified with SDS have also been
performed in the presence of palmitic acid, palmitic acid and
retinol as well as at two different pHs (7.2 and 9.2). Almost
exactly the same spectra, as that shown in Fig. 5 for SDS (see
spectrum 1), have been obtained in these conditions. The larger
bandwidth of the spectrum of tLRAT in OG and Triton X-100
suggests a larger content in β-sheets in these detergents than in
SDS which is clearly demonstrated with the difference spec-
trum shown in inset A of Fig. 5 where spectrum 1 (SDS) has
been subtracted from spectrum 3 (Triton X-100). Indeed, bands
at 1623 and 1680 cm−1 can be seen in this spectrum which
are typical of anti-parallel β-sheets [38,39]. Moreover, the inset
B of Fig. 5 shows a shift of 3 cm−1 for only tLRAT in OG
when infrared spectra are measured before and after the VCD
measurements.
As shown in Table 1, the percentage of secondary structure of
tLRAT in SDS, OG and Triton X-100 has been estimated from
their infrared spectra with the PC/FAmethod of statistical analysis
Fig. 4. Brewster angle microscopy imaging of the DMPC monolayer before and after the injection of tLRAT into the subphase. (A) Pure DMPC monolayer. (B) 5 min
after the injection of tLRAT. (C) 2 h after the injection of tLRAT (similar images were obtained between 10 min and 2 h after the injection of tLRAT). (D) DMPC–
tLRAT film compressed to 38 mN/m. The scale bar shown in Fig. 4A corresponds to 100 μm and is valid for all micrographs. Other conditions are the same as in Fig. 2.
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standard deviation (S.D.) observed reflects the high reproduci-
bility of the measurements. As can be seen in Table 1, tLRAT in
OG and Triton X-100 have a very similar secondary structure
content as suggested qualitatively from their similar infrared
spectra (Fig. 5), except for the content in α-helices. In contrast,
tLRAT in SDS contains a smaller percentage of β-sheets and a
larger content of β-turns and other conformations (unordered
structures) which is consistent with the smaller banwidth and the
position of its amide I’ band (spectrum 1, Fig. 5) when compared
to tLRAT in OG and Triton X-100 (spectra 2 and 3, respectively,
Fig. 5).
The infrared spectra contain additional interesting informa-
tion. Indeed, the bands centered at 1584 and 1515 cm−1 can be
attributed to the amino acid side chains of Arg υs(CN3H5
+) and
Asp υas(COO
−) (1584 cm−1) as well as Tyr (Tyr–OH, υ(CC),
δ(CH)) (1515 cm−1) in D2O (Fig. 5) (for a review on the at-
tribution of protein infrared bands in D2O, see [38]). No dif-
ference in the intensity of the band at 1515 cm−1 has beenobserved between tLRAT in the three different detergents used
(Fig. 5) whereas a significant difference between the intensity of
the infrared band at 1584 cm−1 can be seen for tLRAT in Triton
X-100 compared to SDS and OG (Fig. 5). The band at
1730 cm−1 observed solely for the spectra measured in OG and
Triton X-100 (Fig. 5) cannot be attributed to CfO ester groups
of phospholipids since no typical band in the CH region (2800–
3000 cm−1) can be observed in these spectra (result not shown).
This υ(CfO) band can be attributed to the acidic form of Asp
and Glu [38,39]. It has been suggested that the environment in
the vicinity of the Asp or Glu residues plays a dominant role in
stabilizing either the protonated, neutral form or the deproto-
nated, charged form of these amino acids [38]. It can thus be
postulated that tLRAT in SDS contains no acidic form of Asp
and Glu in contrast to tLRAT in OG or Triton X-100 and, thus,
that tLRAT has a structure in SDS different from that in OG and
Triton X-100 which is consistent with the quantitative analysis
of the spectra (see Section 3.4). The observation of infrared
bands for these amino acid side chains is consistent with the
Fig. 5. Infrared absorption spectra of tLRAT in D2O purified in 0.2% SDS
(spectrum 1), 0.2% OG (spectrum 2) and 0.2% Triton X-100 (spectrum 3). The
inset A shows a difference spectrum in the amide I′ region where spectrum 1
(SDS) was subtracted from spectrum 3 (Triton X-100). The inset B shows the
amide I’ band of tLRAT in OG before (spectrum OG1) and after (spectrumOG2)
the measurements of the VCD spectra which is typical of 3 independent
purifications.
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tLRAT (Arg=12, Glu=10, Asp=11, Tyr=7).
3.4. Estimation of the relative proportion of the secondary
structure components of tLRAT by vibrational circular
dichroïsm
The VCD spectra of tLRAT in SDS, OG and Triton X-100
are presented in Fig. 6. All spectra show negative components
at ∼1664 and ∼1630 cm−1 and a positive component at
∼1650 cm−1. It is noteworthy that almost exactly the same
spectra are obtained for tLRAT in SDS at two different pH (7.2
and 9.2) and in the presence of palmitate or all-trans retinol and
palmitate (spectra not shown). However, the shape of the VCD
spectra depends on the detergent used. Indeed, the band at
∼1665 cm−1 has a stronger intensity than that at ∼1630 cm−1
for tLRAT purified in SDS (spectrum 1) and OG (spectrum 2)Table 1
Estimation of the percentage of the secondary structure components of tLRAT in
different detergents from the infrared spectra
α-helices β-sheets β-turns bend ρ
SDS (0.2%) 41±1⁎ 16±1 14±0.3 9±0.4 20±0.7
OG (0.2%) 40±0.8 24±2 11±0.4 10±0.2 15±0.5
Triton X-100 (0.2%) 37±0.6 25±0.4 11±0.4 11±1 16±0.4
ρ: other conformations.
⁎standard deviation calculated from at least 2 independent expressions and
purifications.although the ratio of the intensity between these two bands is
stronger in SDS than in OG. This contrasts with the spectrum of
tLRAT purified in Triton X-100 where the opposite figure
can be observed (spectrum 3, Fig. 6). Indeed, the intensity of
the band at 1630 cm−1 is stronger than that at 1665 cm−1.
These data are qualitatively consistent with a higher content in
α-helices for tLRAT in SDS and OG than in Triton X-100 and a
higher level of β-sheets in OG and Triton X-100 than in SDS.
These spectra can be quantitatively analyzed to estimate
the relative proportion of the different components of the se-
condary structure of tLRAT (see Table 2) by use of the PC/FA
statistical method of analysis using a reference protein data set
(see Section 2.9). It can first be seen that similar percentages of
β-turns, bend and other conformations are obtained for tLRAT
in SDS, OG and Triton X-100 (Table 2). Moreover, a larger
content in α-helices but a similar percentage of β-sheets is
observed when tLRAT is solubilized in OG compared to Triton
X-100. However, a significantly larger content in α-helices and
a lower percentage of β-sheets can be seen for tLRAT in SDS
compared to OG and Triton X-100 (Table 2). Very similar
relative percentages of secondary structure components have
been obtained with tLRAT solubilized in SDS in all experi-
mental conditions assayed (data not shown). In fact, the small
S.D. reflects the high reproducibility of these different experi-
mental conditions (Table 2). A larger S.D. has been obtained only
for the content in α-helices and other conformations in OG.
Altogether, the results of these analyses are consistent with the
qualitative pattern of the VCD spectra of tLRAT measured in
these detergents (Fig. 6). The quantitative analysis of the VCDFig. 6. VCD spectra of tLRAT in D2O purified in 0.2% SDS (spectrum 1), 0.2%
OG (spectrum 2) and 0.2% Triton X-100 (spectrum 3). Spectra 1 and 3 in SDS
and Triton X-100, respectively, are typical, highly reproducible spectra. Spec-
trum 2 is the average spectrum of tLRAT in OG. The inset shows the two most
different VCD spectra of tLRAT in OG. VCD spectra are scaled so that all
samples have their amide I’ absorbance maximum equal to 1.
Table 2
Estimation of the percentage of the secondary structure components of tLRAT in
different detergents from the VCD spectra
α-helices β-sheets β-turns bend ρ
SDS (0.2%) 42±1⁎ 18±0.9 15±0.5 6±0.1 19±1
OG (0.2%) 37±3 24±0.3 14±0.5 9±0.1 16±2
Triton X-100 (0.2%) 33±0.4 25±0.2 15±0.3 8±0.2 19±0.4
ρ: other conformations.
⁎standard deviation calculated from at least 2 independent expressions and
purifications.
Table 3
Estimation of the percentage of the secondary structure components of tLRAT in
different detergents from the ECD spectra
α-helices β-sheets β-turns random
SDS (0.1%) 44±0⁎ 13±1 16±0.7 27±1
OG (0.1%) 39±5 17±3 16±0.5 28±0.8
Triton X-100 (0.2%) 33±0.1 19±0.1 17±0.1 31±0.2
No detergent 33±2 18±2 17±0 32±0.7
⁎standard deviation calculated from at least 2 independent expressions and
purifications.
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secondary structure component of tLRAT result in quite similar
data (compare Tables 1 and 2). Indeed, only a smaller content in
α-helices and a larger content in β-turns is obtained for OG and
Triton X-100 from the VCD (Table 2) compared to the analysis
of the IR spectra (Table 1).
3.5. Estimation of the relative proportion of the secondary
structure components of tLRAT by electronic circular
dichroism
The ECD measurements performed with tLRAT purified
with 0.1% SDS (spectrum 1), 0.1% OG (spectrum 2), 0.2%
Triton X-100 (spectrum 3) and in the absence of detergent
(spectrum 4) are presented in Fig. 7. The intensity of the spectra
of tLRAT in Triton X-100 and in the absence of detergent is
lower than those in OG and SDS which is consistent with the
lower content in α-helices observed by VCD with Triton X-100Fig. 7. ECD spectra of tLRAT in H2O purified in 0.1% SDS (0.8 mg/ml,
spectrum 1, —●—), 0.1% OG (0.75 mg/ml, spectrum 2, —○—), 0.2% Triton
X-100 (1 mg/ml, spectrum 3, ) and no detergent (0.7 mg/ml, spectrum 4,
). The region between 195 and 230 nm has been expanded in the inset
to more clearly distinguish the different spectra.(Fig. 6). Highly reproducible spectra of tLRAT have been
obtained in Triton X-100, SDS and in the absence of detergent
when different purifications are compared (data not shown). In
contrast, the intensity of the spectra of tLRAT purified in OG
varied from one purification to the other. This is better de-
monstrated when the spectra are quantitatively analyzed using
the CDSSTR software to estimate the relative proportion of
each secondary structure component of tLRAT (see Table 3).
The small S.D. observed reflects the high reproducibility of the
measurements except for OG. Indeed, the S.D. obtained for the
percentage of α-helices and β-sheets with tLRAT purified in
OG is much larger than that calculated with the other detergents
or in the absence of detergent. Therefore, when taking into
account this S.D., the percentage of α-helices and β-sheets of
tLRAT in OG can be very close to those of tLRAT in either SDS
and Triton X-100. Moreover, it can be seen that the percentage
of the secondary structure components of tLRAT in SDS and
OG are very similar (when taking the S.D. into account) which
is consistent with the pattern of their ECD spectra. However,
these values are quite different from those obtained for tLRAT
in Triton X-100 as well as in the absence of detergent. Indeed, a
significantly smaller percentage of α-helices and a larger
proportion of β-sheets has been estimated for tLRAT in Triton
X-100 and in the absence of detergent compared to SDS and
OG. This is also consistent with the qualitative pattern of their
ECD spectra presented in Fig. 7. The very similar values ob-
tained for the relative proportion of the secondary structure
components of tLRAT in Triton X-100 and in the absence of
detergent suggest that the structure of tLRAT is very little
perturbed in this detergent when compared to SDS and OG. It is
difficult to compare the data obtained by ECD, VCD and IR
because ECD cannot distinguish the bend from other con-
formations. However, if one assumes that the random con-
formations estimated by ECD include the bend and other
conformations calculated from by the VCD and IR spectra, it
can be seen that the same general trend is measured by all three
methods. Indeed, tLRAT in SDS contains a larger percentage of
α-helices, a smaller content of β-sheets and a quite similar
percentage of β-turns and random compared to Triton X-100
whereas tLRAT in OG is typically lying in between (compare
Tables 1, 2 and 3). Nevertheless, it is noteworthy that the
absolute values obtained are not so far from each other even
though very different methods are used. ECD has the particular
advantage that structural information can be obtained with
much lower concentrations of proteins compared to VCD and
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of tLRAT in the absence of detergent.
4. Discussion
The gene encoding LRAT has been only recently cloned [9]
and a recombinant truncated form of the protein has then been
successfully expressed [13]. The full-length sequence of LRAT
has not yet been successfully expressed and purified pre-
sumably because of its N- and C-terminal hydrophobic seg-
ments. It can be assumed that the C-terminal hydrophobic
segment, which is essential for the membrane targeting of
LRAT [12], allows to anchor and properly orient LRAT with
respect to the membrane which could thus favor its membrane
hydrolytic activity. Since LRAT hydrolyzes the sn-1 acyl chain
of phospholipids, the active site of LRAT located between the
N- and C-terminal hydrophobic segments must have access to
the membrane.We have expressed and purified tLRAT (lacking
the N- and C-terminal hydrophobic segments) to study its
binding and hydrolytic action towards lipid monolayers and to
probe its structure in solution.
The hydrolytic activity of tLRAT in monolayers has been
confirmed by infrared spectroscopic measurements. Indeed,
when DMPC hydrolysis takes place, myristic acid and lyso-
myristoyl phosphatidylcholine are produced. These hydrolysis
products are known to be soluble and, thus, the decrease of the
intensity of their typical infrared bands (CH2 stretching, CfO
ester and PfO infrared bands; see Figs. 2 and 3) clearly
demonstrates that tLRAT actively hydrolyzes the DMPC
monolayer. Moreover, the increased intensity of the amide I
and II bands of tLRAT with time (spectra 2–4, Fig. 2) demon-
strates that an increasing amount of protein binds monolayers.
In addition, the observation of the lace-like structures by
Brewster angle microscopy (Fig. 4) further demonstrates the
monolayer binding of tLRAT. Therefore, the present results
demonstrate that the absence of the N- and C-terminal hydro-
phobic segments does not prevent tLRAT membrane binding
and membrane substrate hydrolysis.
Surfactants are widely used to study and handle proteins.
SDS is an ionic detergent that is often used because it allows to
solubilize hydrophobic proteins. Alternatively, the non-ionic
detergents OG and Triton X-100 are commonly used because
they do not typically perturb protein structure and are generally
considered well suited to study physiological functions of pro-
teins [40–43]. In particular, OG has several advantages over
other non-ionic detergents such as Triton X-100 because of its
high cmc of 0.67–0.73%which facilitates its removal by dialysis
[44]. As mentioned above, the activity of tLRAT was shown
to be dependent on the detergent used for its solubilization
[13]. Indeed, a lower activity has been measured in SDSwhereas
the highest activity was obtained with Triton X-100 and
CHAPSO. tLRAT activity in OG has not yet been assayed. A
relationship can be drawn between the fractional secondary
structure of tLRAT and its activity. Indeed, one could postu-
late that a lower α-helical and a higher β-sheets content such as
that measured in 0.2% Triton X-100 (see Tables 1, 2 and 3) is
necessary to obtain a high tLRAT activity. Although 1% TritonX-100 has been used by [13] compared to 0.2% in the present
study, both measurements were performed above the cmc.
The observation of a higher percentage of α-helices for
tLRAT in SDS compared to OG or Triton X-100 (see Tables 1, 2
and 3) is not very surprising. Indeed, for example, two peptides
of human apolipoprotein C-I lacking a well-defined structure in
aqueous solution adopt a helical, ordered structure upon
addition of SDS [45] and this detergent increased the α-helix
content of microglobulin-related amyloid fibrils [46] and intact
and cleaved α-lactalbumin [47].
The high content in α-helices for tLRAT in OG, which is
close to that measured in SDS (see Tables 1, 2 and 3), was rather
surprising in view of its well regarded milder properties in
maintaining protein structure. However, OG was shown to
inactivate some membrane proteins and to dramatically inhibit
the activity of glutamante dehydrogenase [48]. In addition, OG
was shown to have a strong effect on the conformation of the N-
terminal (1–44) domain of human apolipoprotein A-I where an
increase of its α-helical content was observed with the increase
in the concentration of OG [49]. In addition, when infrared
spectra are measured before and after the VCD measurements, a
shift of 3 cm−1 was only observed for OG, suggesting the
formation of β-sheets (see inset B of Fig. 5). Indeed, the spectra
of tLRAT in SDS and Triton X-100 remained almost unchanged
during the 24 h of acquisition time of the VCD spectra at room
temperature. Moreover, two highly different VCD spectra of
tLRAT in OG are shown in the inset of Fig. 6. This contrasts
with the high reproducibility of the VCD spectra in SDS and
Triton X-100. These data, together with the observed variability
of the ECD spectra of tLRAT in OG and the much larger
standard deviation obtained with OG than with SDS and Triton
X-100 (see Tables 2 and 3), argue in favor of the instability of
tLRAT in this detergent.
The analysis of the VCD and ECD spectra uses a statistical
approach based on the known structure of a reference data set
of proteins. Although one can hardly expect to get exactly the
same absolute values with both methods, similar values of the
structure components and consistent data should be obtained
when comparing ECD and VCD results. There is a good agree-
ment between the percentages of secondary structure compo-
nents obtained by VCD (Table 2) and ECD (Table 3) for tLRAT
purified in SDS, OG and Triton X-100 except for the content of
β-sheets and, to a much lower extent, of other conformations.
Indeed, a larger content in β-sheets is obtained by VCD than
by ECD. It has been previously proposed that VCD predicts
the β-sheet component better than does ECD [23]. Given that
both methods provide similar percentages of α-helices, one
could postulate that the secondary structure composition esti-
mated by VCD is more appropriate than that determined by
ECD.
Finally, the previous observation of a much lower activity of
tLRAT in SDS compared Triton X-100 [13] can thus be
explained by the dependence of the secondary structure of this
protein in these detergents. Moreover, the high similarity
between the secondary structure of tLRAT in the absence and
the presence of Triton X-100 suggests that this detergent has no
detectable effect on the structure of this protein and thus that it
1333S. Bussières et al. / Biochimica et Biophysica Acta 1778 (2008) 1324–1334is most appropriate for functional studies compared to SDS and
OG.
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